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Introduction
Ferritic stainless steel is noted for its excellent stress corrosion cracking resistance, good plasticity and toughness, high thermal conductivity and small linear expansion, which has been widely applied as corrosion resistant material in the modern industries [1] .Furthermore, it is characterized of lower cost by comparison with austenite stainless steel, which makes it good substitute for austenite stainless steel. However, its low strength cannot meet the high requirement for mechanical properties, which restricts its widespread application [2] . Therefore, it has been noticed to improve the strength of ferritic stainless steel.
Nowadays, a lot of strengthening methods have been put forward, such as solid-solution strengthening, distortion strengthening, fine-grain strengthening and deposition strengthening [3] [4] [5] [6] . Among them, the fine-grain strengthening method has attracted greatest attention for the improvement in strength and toughness of alloys simultaneously [7] . Z.W. Yu et al. [8] studied the grain size effect on magnesium-manganese alloy, and found that the ultra-fine grained alloy shows superior elongation and outstanding yield strength. M. Samaee et al. [9] found that the strength and ductility of AA6063 aluminum alloy are simultaneously improved by refining grain size. Recently, that ferrite can be refined by TiC, NbC and so on has been reported largely. The refinement is mainly ascribed to the heterogeneous nucleus effect and grain-growthinhibiting effect [10] [11] [12] [13] . Y. Kang et al. [14] studied the effect of Ti contents on the grain size and mechanical properties of UNS S44100 ferritic stainless steel, and the results show that the average grain sizes of the as-cast specimens decrease obviously with increasing Ti content due to the increasing number of TiC precipitates. The similar effect of Nb contents on the grain size and mechanical properties of 18 wt%Cr ferritic stainless steel has also been proved, which is ascribed to NbC precipitates [15] .
Ferrite solidifies directly from the liquid during the solidification of ferritic stainless steel. According to the classical nucleation theory, foreign particles such as TiC can act as the heterogeneous nucleus only if the interfacial energy between TiC and ferrite is smaller than the solid-liquid interfacial energy of ferrite in homogeneous nucleation circumstance [16] . However, up to now, it is impossible to measure precisely the solid-liquid interfacial energy of ferrite by experiment. Therefore, it is difficult to explain the refinement mechanism of ferrite with TiC theoretically by experiment. Nowadays, first-principles calculation and molecular statics/dynamics simulation, which are of high accuracy, appeal much attention to the study on interfacial behaviors [17] [18] [19] . First principles calculation based on density functional theory raises concern for its insight into interfacial electronic structures. S.X. Jin et al. [20] calculated the interfacial electronic structure between TaN and ReB2, and found that strong covalent bonds are formed between B atoms and N atoms, which make TaN and ReB2 to combine together. J. Li et al. [21] analyzed the PDOS (partial densities of states) of Al/A13Ti interface and found the bonding between Al and A13Ti are AleAl metallic bonds and AleTi covalent bonds. Molecular statics/dynamics simulation raises concern forthe insight into interfacial energy. A.C. Silva et al. [22] calculated the interfacial energy between g-Ni3Al and g-Ni by using molecular statics and found that the interfacial energy strongly depends on the composition of g-Ni. Y. Shibuta et al. [23] investigated the nucleation and solidification of the undercooled iron melt by using molecular dynamics, which successfully links the empirical interpretation in metallurgy with the atomistic behavior of nucleation and solidification. However, the refinement mechanism of ferrite with foreign particles by first-principles calculation and molecular statics/dynamics simulation has never been reported.
In this paper, the study object is ferrite with TiC. The interfacial energies between ferrite and TiC were calculated by molecular statics. The interfacial electronic structures were analyzed by first principles. Then the solid-liquid interfacial energy of ferrite in homogeneous nucleation circumstance was calculated by molecular dynamics. Finally, the refinement mechanism of ferrite with TiC was revealed.
Model facilitation
Ferrite is the solid solution of bcc-Fe with C atoms occupying the octahedral sites. The maximum solubility of C atoms at room temperature is 0.0008 wt%. Because of its low solubility, bcc-Fe model is frequently utilized to supplant ferrite in computations and simulations [24, 25] . Therefore, bcc-Fe model was also utilized as ferrite in the present work.
Molecular statics
The molecular statics of bcc-Fe/TiC interfaces were fulfilled by using the Large-scale Atomicmolecular Massively Parallel Simulator (LAMMPS) based on the steepest descent algorithm. The systems in molecular statics always contain thousands to millions of atoms. The small difference in atomic energy can lead to quite different results, so the determination of the optimal lattice parameters is particularly important. Therefore, the lattice parameters of bcc-Fe and TiC were optimized firstly. After then, bcc-Fe/TiC interfaces were constructed and the works of adhesion and interfacial energies were calculated.
In the calculation process, the 2NN MEAM (second nearest nearest neighbour modified embedded atom method) [26] [27] [28] potential was applied to describe all the interactions of Fe, Ti and C atoms, in which the total energy E of the system is given as follow: (1) where Fi is the embedding energy for atom i embedded in a background electron density ri; Sij is the screening function; ∅ij is the pair interaction between atoms i and j; rij is the distance between atoms i and j.
In the original MEAM potential, only the first nearest-neighbor interactions are considered by using a strong Sij. While in the 2NN MEAM potential, the second nearest-neighbor interactions have been put into consideration by adjusting Sij.
First-principles
The interfacial electronic structures of bcc-Fe/TiC interfaces were fulfilled by using the density functional theory as implemented in the Cambridge Sequential Total Energy Package (CASTEP). The exchange-correlation energy was described by the generalized gradient approximation (GGA). The plane-wave cutoff energies were 350eV and the Brillouin zone samplings were performed using 4x4x1 Monkhorst-Pack.
Molecular dynamics
The molecular dynamics simulation of bcc-Fe solid-liquid interfacial energy was also fulfilled by using LAMMPS. Firstly, the melting point of bcc-Fe was calculated. After then, the melting conditions of bcc-Fe embryos with different critical radii were simulated and the solid-liquid interfacial energy of bcc-Fe was calculated based on the classical nucleation theory. In the simulation process, the interaction of Fe atoms was described by the EAM (embedded atom method) potential developed specially for crystalline and liquid iron [29] . The total energy E of the system is given as follow: (2) where Fi is the embedding energy for atom i embedded in a background electron density ri; ∅ij is the pair interaction between atoms i and j; rij is the distance between atoms i and j. 
Work of adhesion and interfacial energy
According to literature [37] , the interfacial energy can be obtained by computing the total energy of a system that involves a bcc-Fe/TiC interface and the total energies of individual bccFe and TiC systems of the same number of atoms as those in the interfacial system. Three bccFe/TiC interfacial models are constructed based on the orientation relationship in Fig. 2 , which are shown in Fig. 3 . Because TiC precipitates firstly, the lattice parameter of TiC is set as the object of reference and that of bcc-Fe is changed accordingly. The lattice misfit between TiC and bcc-Fe with BeN orientation relationship is 8.1%. In order to remove any surface effects, three dimensional periodic boundary condition is applied, so two interfaces are involved into each model, which are marked by the arrows. To make the atomic stacking modes of the two interfaces in each model exactly the same, the upper and lower surfaces of bcc-Fe or TiC should be the same. The bcc-Fe/TiC interfacial models are of 4100 Fe atoms, 2100 Ti atoms and 2100 C atoms with the longest dimension (z-direction) perpendicular to the interfaces. The total energies of the interfacial models are calculated by molecular statics allowing full relaxations of atomic positions and model dimensions. While for the total energies of individual bcc-Fe and TiC models, the molecular statics merely allows full relaxations on the direction perpendicular to the interfaces but maintain the same lattice parameters as the interfacial models in two directions parallel to the interfaces. The interfacial energy g is given as follow: (4) where A is the interfacial area; Ebcc-Fe/TiC is the total energy of the interface; Ebcc-Fe and ETiC are the total energies of individual bcc-Fe and TiC, respectively. However, Ebcc-Fe/TiC is closely related to the interfacial spacing. The appropriate interfacial spacing is determined by UBER (universal binding energy relation) method. Bcc-Fe/TiC interfacial models with various interfacial spacing (the longest dimension of the models also varied accordingly) are constructed and fully relaxed. Then the work of adhesion Wad is calculated as follow: (5) where E'bcc-Fe and E'TiC are the total energies of individual bcc-Fe and TiC models with free surfaces. Wad is defined as the reversible work of separating an interface into two pure substances with free surfaces. E'bcc-Fe and E'TiC are calculated by the relaxations of individual bcc-Fe and TiC models built by adding 30 Å thick vacuum in the z-direction. Similarly, the molecular statics merely allows full relaxations on the direction perpendicular to the interfaces but maintain the same lattice parameters as the interfacial models in two directions parallel to the interfaces. Put the values of Ebcc-Fe/TiC with various interfacial spacing into Eq. (4) and the relationship between Wad and interfacial spacing can be obtained, which is shown in Fig. 4 . It can be seen that the appropriate interfacial spacing for the three types of bcc-Fe/TiC interfaces are d0(type-1) ¼ 2.77 Å, d0(type-2) ¼ 2.47 Å and d0(type-3) ¼ 2.58 Å respectively. Put the values of Ebcc-Fe/TiC at these interfacial spacing into Eq. (3) and the interfacial energies are g(type-1) ¼ 0.29 J/m2, g(type-2) ¼ 3.41 J/m2 and g(type-3) ¼ 1.02 J/ m2 respectively, which are listed in Table 1 . From thermodynamics perspective, the interface is more stable with lower interfacial energy and the cohesion is stronger with higher work of adhesion. Therefore, bcc-Fe/TiC interface is optimal with type-1 atomic stacking mode. J.H. Jang et al. [38] have also calculated the interfacial energy between bcc-Fe and TiC by firstprinciples. They only constructed one kind of interface with type-1 atomic stacking mode, and the interfacial energy (0.34 J/m2) is close to our result.
3.3. Interfacial electronic structure of bcc-Fe/TiC.
The interfacial electronic structure can be characterized by electron density and electron density difference. Figs. 5-7 show the interfacial electron densities and interfacial electron density differences of the three types of bcc-Fe/TiC interfaces, in which the dashed lines represent the interfaces and the upper districts are TiC while the lower districts are bcc-Fe. In the electron densities, the transition from blue to red represents charge density is gradually increased. In the electron density differences, the transition from blue to red represents the transition from charge depletion to charge accumulation and the white curves are the contour curves where charge is not changed. Fig. 5 shows the electronic structure of type-1 interface on the (110)bcc_Fe plane perpendicular to the interface (namely (100)TiC plane). It can be seen from Fig. 5a that Fe atom and C atom form FeeC bond on the interface. From Fig. 5b , the obvious charge depletion of Fe atom and charge accumulation of C atom suggests the ionic characteristic of Fe-C bond. Together with the population of Fe-C bond is 0.48, it is polar covalent/ionic bond. In Fig. 5 , the Ti and C atoms nearest to the interface are on the same plane originally. While the C atom moves 0.16 Å towards the interface with the action of Fe-C polar covalent/ionic bond, which suggests the interaction between Fe and C atoms is attractive. Because the distance between Fe and Ti atoms is far and the bonding is weak, the distance between them almost does not change. Fig. 6 shows the electronic structure of type-2 interface on (110)bcc_Fe plane perpendicular to the interface (namely (100)TiC plane). It can be seen from Fig. 6a that Fe atom and Ti atom form Fe-Ti bond on the interface. From Fig. 6b , the charge of Fe atom and Ti atom transfers medially, which suggests the metallic characteristic of Fe-Ti bond. In Fig. 6 , the Ti atom nearest to the interface moves 0.19 Å away from the interface with the action of Fe-Ti metallic bond, which suggests the interaction between Fe and Ti atoms is repulsive. Because the distance between Fe and C atoms is far and the bonding is weak, the distance between them almost does not change. Fig. 7 shows the electronic structure of type-3 interface on different planes perpendicular to the interface. It can be seen from Fig. 7a and c that Fe-C bond and Fe-Ti bond are formed on the interface. From the electron density difference on (100)bcc_Fe plane (namely (110)TiC plane) in Fig. 7b , the charge of Fe atom is partially transferred to the bonded C atom. Combined with the nonzero population, the FeeC bond is polar covalent/ionic bond. From the electron density difference on (010)bcc_Fe plane (namely (110)TiC plane) in Fig. 7d , the medially transferred charge of Fe atom and the bonded Ti atom suggests the metallic characteristic of Fe-Ti bond.
In Fig. 7 , where the Ti and C atoms nearest to the interface are of the equivalent distance to the bonded Fe atoms originally, the C atoms move 0.21 Å towards the interface with the action of Fe-C polar covalent/ionic bonds. While the Ti atoms merely moves 0.02 Å away from the interface with the action of Fe-Ti metallic bonds, which suggests the attractive interaction between Fe and C atoms is stronger than the repulsive interaction between Fe and Ti atoms. From the electronic structures as well as the works of adhesion and interfacial energies, the interface combined by Fe-C polar covalent/ionic bond is more stable than that combined by Fe-Ti metallic bond. Besides, adhesion by Fe-C polar covalent/ionic bond is stronger than that by Fe-Ti metallic bond. The bcc-Fe supercell system sized 40 x 40 x 40 (containing 128000 Fe atoms) is built within a box with the size Lx-Ly-Lz of 11.48 nm-11.48 nm-11.48 nm, whose side surfaces are parallel to the {001} family. The system reaches equilibrium at 1000 K and then is slowly heated to the equilibrium at 3500 K. Fig. 8 shows the relationship of equilibrium energies versus temperature during the heating process. From 1000 K to 2092K, the energy varies linearly with the increasing temperature, namely the curve in this range reflects the energy change of the bccFe crystal. The slope of the curve suddenly changes at 2092K, which suggests the transformation from crystal state to molten state. Therefore, the melting point Tm of bcc-Fe is 2092K. Y. Shibuta et al. [39] have estimated the melting point of bcc-iron as 2400 K from the temperature at which the system with coexisting solid and liquid by using Finnis-Sinclair (FS) potential. The measured melting point of ferritic stainless steel is about 1800 K [40] . Our calculation error falls within a more reasonable range compared to Y. Shibuta's result [39] . While there is still a difference between the measured and calculated melting point, which may be due to the fact that ferritic stainless steel contains other elements such as Cr and these elements may change the melting point of ferrite.
Solid-liquid interfacial energy
According to the classical nucleation theory [41] , an undercooling degree DT is necessary for the solidification of metal whose solid-liquid interface is of curvature. This phenomenon is the so called Gibbs-Thomson effect. The expression of Gibbs-Thomson effect is given as follow: (5) where Γ is the Gibbs-Thomson coefficient; K is the curvature of the embryo; r1 and r2 are the radii of curvature, respectively. For a sphere embryo, K ¼ 2r . Thereby: (6) Gibbs-Thomson coefficient can be obtained by the following equation:
where SL is the solid-liquid interfacial energy; S is the number density of bcc-Fe crystal; H is the melting enthalpy at Tm. S =8:46e28 atom/m 3 of bcc-Fe can be obtained from its lattice parameter and number of atoms in a unit cell. The value of H can be obtained in the following way. Firstly, the system reaches equilibrium at Tm to acquire the total energy of bcc-Fe crystal. Secondly, the system is kept at 3000 K and then kept at Tm to acquire the total energy of bccFe melt. Finally, H= 1.5x10 -20 atom is obtained. Put the values of S, H and Tm into Eq. (8) and S=6:07e5 j/k m 3 can be gotten. Based on Eq. (7), SL can be obtained if  is known. From Eq. (6),  can be known from the relationship between T and r.
The relationship between T and r can be obtained in the following way. Firstly, the system is kept at Tm until it reaches energy equilibrium and then the coordinates of the atoms in the sphere region with radius R in the center are fixed. Then the system is kept at 2500 K until the atoms except those in the sphere region reach molten state. By this means, an embryo with critical radius R embedded in the bcc-Fe melt is constructed, which is schematically displayed in Fig. 9 . According to the classical nucleation theory [41] , if T is lower than the critical undercooling degree T*, the embryo will melt; otherwise the embryo will grow. Therefore, we set free the atoms in the sphere region and rapidly apply a T to the system (namely rapidly cool the system to a certain degree which is lower than Tm). Numerous T are applied until the radius of the embryo just do not change, namely T* for the embryo is reached. During the calculation process, the characterization of the radius is of vital importance. The coordination number (number of the nearest atoms) of atom in bcc-Fe crystal is 8, while that in bcc-Fe melt is not a constant value. The coordination numbers of each atom after rapid cooling are analyzed. The atoms in the center with coordination number equals 8 are identified as bcc-Fe crystal so that the radius of the embryo is determined. Numerous calculations with different radii are performed and the relationship between T* and R is obtained, which is displayed in Fig. 10 . The fitting line of the resultant points is as follow: (9) atomic stacking mode, which is combined by Fe-C polar covalent/ionic bonds. The interfacial energy of type-1 interface is 0.29 J/m2, which is lower than the solid-liquid interfacial energy of bcc-Fe (0.36 J/m2). Based on the classical nucleation theory [16] , it means TiC can act as the heterogeneous nucleus of bcc-Fe, which reveals the refinement mechanism of ferrite with TiC particles. The solid-liquid interfacial energy can be measured by experimental methods [42] . However, it is still impossible to completely eradicate the influence of heterogeneous nucleus, namely measurement without any foreign impurity is still unfulfilled, which leads to the large error in the solid-liquid interfacial energy under homogeneous nucleation circumstance. Instead, molecular statics/dynamics can simulate homogeneous nucleation behavior without any foreign impurity. Combining molecular statics/dynamics with firstprinciples, the theoretic basis of TiC as the heterogeneous nucleus of ferrite is fundamentally explained. (2) The interfacial electronic structures of the bcc-Fe/TiC interfaces are analyzed by firstprinciples. Type-1 interface is combined by Fe-C polar covalent/ionic bonds, which result in the attractive interaction between Fe and C atoms. Type-2 interface is combined by Fe-Ti metallic bonds, which result in the repulsive interaction between Fe and Ti atoms. Type-3 interface is combined by FeeC polar covalent/ionic bonds and Fe-Ti metallic bonds, and the former are stronger than the later.
(3) The solid-liquid interfacial energy SL of bcc-Fe calculated by molecular dynamics is 0.36 J/m 2 . Based on the classical nucleation theory, the interfacial energy of bcc-Fe/TiC type-1 interface is lower than the solid-liquid interfacial energy of bcc-Fe, which means TiC can act as the heterogeneous nucleus of bcc-Fe and thereby refines it. 
